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Edited by Lev KisselevAbstract Aminoacyl-tRNA synthetases, a group of enzymes
catalyzing aminoacyl-tRNA formation, may possess inherent
editing activity to clear mistakes arising through the selection
of non-cognate amino acid. It is generally assumed that both
editing substrates, non-cognate aminoacyl-adenylate and misa-
cylated tRNA, are hydrolyzed at the same editing domain, dis-
tant from the active site. Here, we present the ﬁrst example of
an aminoacyl-tRNA synthetase (seryl-tRNA synthetase) that
naturally lacks an editing domain, but possesses a hydrolytic
activity toward non-cognate aminoacyl-adenylates. Our data re-
veal that tRNA-independent pre-transfer editing may proceed
within the enzyme active site without shuttling the non-cognate
aminoacyl-adenylate intermediate to the remote editing site.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Aminoacyl-tRNA synthetases (aaRS) establish the genetic
code through the aminoacylation reaction, which matches ami-
no acids with nucleotide triplets encoded as anticodons in
tRNAs. Formation of aminoacyl-tRNA, a carrier of an acti-
vated amino acid substrate for protein biosynthesis at ribo-
somes, occurs in a two-step reaction. In the ﬁrst step known
as activation, an aminoacyl-adenylate intermediate is formed
in an ATP-dependent manner. Then, the second step (named
aminoacyl transfer) proceeds by the attack of 2 0- or 3 0-OH
group of the terminal adenosine of the tRNA at the carbonyl
carbon of the mixed anhydride. Based on mutually exclusive
sequence motifs that reﬂect distinct topologies of the active
sites, tRNA synthetases are divided into two unrelated classes,
I and II, consisting of 11 and 10 members, respectively [1,2].Abbreviations: aaRS, aminoacyl-tRNA synthetase with amino acids
representing Ser, Gln, Phe, Pro, Thr, Ala, Val and Leu thus for seryl-,
glutaminyl-, phenylalanyl-, prolyl-, threonyl-, alanyl-, valyl- and
leucyl-tRNA synthetase; Sc-, Ec- and Tt-SerRS, seryl-tRNA synthe-
tase from Saccharomyces cerevisiae, Escherichia coli and Thermus
thermophilus, respectively; SerHX, serine hydroxamate; PPi, pyrophos-
phate
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doi:10.1016/j.febslet.2007.09.058Given the similarity between amino acid substrates some
aaRSs cannot achieve high level of discrimination and proceed
in activation of similar non-cognate amino acids. However,
cell tolerates low level of mistake in protein biosynthesis
(approximately 3 in 10000; [3]). Thus, the discrimination fac-
tor [1/(kcat/Km)rel] for activation of cognate vs. non-cognate
amino acid should be at least 3300. If misactivation does occur
more frequently (lower discrimination factor), tRNA syntheta-
ses should employ proofreading to enhance speciﬁcity toward
cognate amino acid substrate. AaRSs employ several mecha-
nisms of proofreading (Fig. 1, reviewed in [4]). Misactivated
amino acid can be eliminated before the transfer to the tRNA
in a pre-transfer editing step. It may proceed by tRNA-inde-
pendent (Fig. 1, I and II) or tRNA-dependent mechanism
(Fig. 1, III) where exact role of tRNA is still not clear. The
elimination of non-cognate aminoacyl-adenylate may occur
through enzymatic hydrolysis (Fig. 1, II and III) or through
its preferential release and subsequent hydrolysis in solution
(kinetic proofreading, Fig. 1, I). If, however, transfer of the
non-cognate amino acid does take place, misacylated tRNA
is rapidly hydrolyzed by a post-transfer hydrolytic activity
(Fig. 1, IV). Stimulation of ATP hydrolysis in the presence
of non-cognate amino acid is diagnostic of hydrolytic proof-
reading (editing). In this paper we took advantage of amino-
acyl-adenylate synthesis assay [5], whereby a-[32P]-ATP is
used instead of frequently employed c-[32P]-ATP. The idea
was to use a label on a-phosphorus atom of ATP that will al-
low direct monitoring of aminoacyl-adenylate formation and
its subsequent hydrolysis (enzymatic and non-enzymatic).
Formed aminoacyl-[32P]-adenylate and [32P]-adenylate (its
hydrolytic product) are separated by a thin layer chromatogra-
phy (TLC) and quantiﬁed independently. By contrast, when c-
[32P]-ATP is used, editing activity is measured through [32P]-
PPi formation (or [
32P]-ATP consumption) without a possibil-
ity to observe the aminoacyl-adenylate intermediate.
Biochemical [6,7] and crystallographic data [8,9] showed that
hydrolysis of misacylated tRNA occurs at the speciﬁc domain
dedicated to this hydrolytic activity (editing domain) in both
class I and II aaRSs. However, the mechanism and exact place
of pre-transfer editing is still not completely understood in
either class. A complicated model for shuttling of non-cognate
aminoacyl-adenylate from synthetic to 30 A˚ distant editing site
was proposed for class I tRNA synthetases [10,11]. On the
other hand, we have recently demonstrated [5] that editing-like
reactions can occur within the synthetic active site of GlnRS,
class I aaRS. Additionally, a class II ProRS was shown to edit
through the selective release of non-cognate aminoacyl-adeny-
lates from the synthetic site [12]. Here, we present that bothblished by Elsevier B.V. All rights reserved.
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Fig. 1. Schematic presentation of proofreading pathways. Pre-transfer
editing (I–III) occurs through several pathways: enhanced dissociation
of non-cognate aminoacyl-adenylate (I) or its enzymatic hydrolysis
(II). These activities may be tRNA-independent (I, II) or tRNA-
dependent (III). Deacylation of mischarged tRNA is called post-
transfer editing (IV).
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thetases (Sc- and Ec-SerRS, respectively), class II synthetases,
possess hydrolytic activity toward non-cognate aminoacyl-ade-
nylates. Given that SerRS naturally lacks editing domain [13]
this pre-transfer proofreading presumably occurs in the con-
ﬁnes of the enzyme active site.Table 1
Steady-state kinetic parameters for ATP-PPi exchange
a
Km
(mM)
kcat
(s1)
(kcat/Km)rel Discrimination
factorb
Serine 0.5 3.9 1 1
D,L-SerHX 4.23 1.56 0.047 21.28
Threonine 48.97 0.15 3.93 · 104 2.55 · 103
Cysteine 38.69 0.089 2.96 · 104 3.38 · 103
3-Aminoalanine 68.26 0.017 3.25 · 105 30.78 · 103
aAll data were obtained using Sc-SerRS. Activation of homoserine and
alanine was negligible, at all used concentrations (up to 450 mM).
bDiscrimination factor is deﬁned as [1/(kcat/Km)rel].2. Materials and methods
2.1. General
The overexpression and puriﬁcation of Sc-SerRS and Ec-SerRS has
been described [14,15]. tRNASer in vitro transcript was produced by a
standard procedure [16].
The samples of amino acids and serine hydroxamate (SerHX) were
checked by mass spectrometry and contamination with serine was
not detected.
2.2. ATP-PPi exchange
ATP-PPi exchange was measured at 37 C in 100 mM HEPES pH
7.0, 20 mM MgCl2, 25 mM KCl, 4 mM ATP, 1 mM
32P-PPi (0.002–
0.01 mCi/ml). Typical concentrations of substrate studied were varied
from 0.2 to 10 · Km. The enzyme concentrations used were 500 nM for
D,L-SerHX and 2 lM for other substrates. After stopping the reaction,
radioactive products were separated by TLC and quantiﬁed as de-
scribed [17]. The kinetic parameters were determined by ﬁtting the data
to the Michaelis–Menten equation using non-linear regression with the
program GraphPad Prism 4. Final individual kinetic parameters are
the average of two or more independent determinations.
2.3. Aminoacyl-adenylate synthesis assay
Aminoacyl-adenylate synthesis assay was done in 50 mM HEPES
pH 7.0, 25 mM KCl, 20 mM MgCl2, 0.5 mM ATP (0.01–0.1 mCi/
ml). Non-cognate amino acids were 500 mM, D,L-SerHX was
250 mM and serine was 1 mM. Sc-SerRS and Ec-SerRS were 2–
3 lM and tRNASer was 5–10 lM. The reaction was started by addition
of amino acid and stopped by quenching with 400 mM sodium acetate
(pH 5.0); 0.1% SDS. Separation of a-[32P]-adenylate from aminoacyl-
a-[32P]-adenylate and a-[32P]-ATP was achieved by TLC followed by
quantiﬁcation and kinetic analysis as already described in [5]. Back-
ground activity of non-enzymatic ATP hydrolysis was subtracted from
velocities obtained in the presence of enzyme and amino acid. Control
reaction containing [32P]-ATP and SerRS showed that inherent ATP-
ase activity of SerRS is close to the background activity.
2.4. Non-enzymatic hydrolysis of threonyl-adenylate
The rate of non-enzymatic hydrolysis of threonyl-adenylate was
measured by preincubating Sc-SerRS (3 lM) in the reaction mixture
for threonyl-adenylate synthesis containing 0.16–50 lM ATP (0.25–0.5 mCi/ml). After 10 min, when Thr-[32P]-AMP accumulated, unla-
beled ATP (1000-fold molar excess) was added and reaction time
points were taken and quenched. Separation of Thr-[32P]-AMP from
[32P]-AMP was achieved by TLC followed by quantiﬁcation and ki-
netic analyses as described [5].3. Results
3.1. Sc-SerRS misactivates threonine, cysteine and serine
hydroxamate
In order to address the speciﬁcity of amino acid recognition
by Sc-SerRS several substances were tested for misactivation
(Table 1). Serine analogue, serine hydroxamate (SerHX) is eﬃ-
ciently misactivated as previously reported [18]. On the other
side, misactivations of natural amino acids threonine and cys-
teine are less pronounced. Still, their misactivation levels (2550
and 3380, respectively) are close to the tolerated discrimination
factor of 3300 in protein biosynthesis indicating that SerRS
might need proofreading to enhance the accuracy in amino
acid recognition.
3.2. Sc-SerRS possesses hydrolytic editing in the conﬁnes of the
active site
To check whether Sc-SerRS possesses proofreading activity
we applied aminoacyl-adenylate synthesis assay [5] that allows
direct tracking of both [32P]-adenylate and aminoacyl-[32P]-
adenylate. During editing turnover, non-cognate aminoacyl-
adenylate has two possible fates: to hydrolyze in aaRS-depen-
dent manner (enzymatic pre-transfer editing) or to dissociate
from the enzyme and hydrolyze non-enzymatically in solution
(kinetic proofreading). Both of these pathways yield adenylate,
a product of aminoacyl-adenylate hydrolysis. Therefore, in the
presence of aaRS, a-[32P]-ATP and non-cognate amino acid,
steady-state increase in [32P]-adenylate concentration can be
followed. On the other side, accumulation of aminoacyl-aden-
ylate depends on relative rates of its synthesis and hydrolyses
(enzymatic and non-enzymatic). Thus, in cases when kinetic
proofreading contributes to overall editing, formation of ami-
noacyl-[32P]-adenylate in solution can be followed too.
Our data show that SerHX, cysteine, threonine and 3-
aminoalanine, but not alanine, homoserine and serine, stimu-
late adenylate formation by Sc-SerRS (Fig. 2A and Table 2).
This led to the conclusion that Sc-SerRS employs proofreading
to clear non-cognate aminoacyl-adenylates. Since SerRS natu-
rally lacks an editing domain [13], the observed hydrolytic
activity toward non-cognate aminoacyl-adenylates apparently
occurs in the conﬁnes of the synthetic site.
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Fig. 2. Pre-transfer editing by SerRS. (A) Stimulation of adenylate synthesis in the presence of threonine (), cysteine (h), 3-aminoalanine (n),
homoserine (+), alanine (,) and serine (·) by Sc-SerRS. Inset: Adenylate synthesis in the presence of SerHX (e) and serine (·). Note the diﬀerence in
scale on Y axis. (B) Stimulation of adenylate synthesis in the presence of SerHX (n), threonine (), cysteine (h) and serine (·) by Ec-SerRS. SerHX-
dependent adenylate formation by Sc-SerRS (e) was shown for comparison. Structure of SerHX is also shown.
Table 2
Observed steady-state catalytic constants for adenylate formationa
kobs (s
1)
tRNA
kobs (s
1)
+tRNASer
D,L-SerHX (250 mM) (40.6 ± 0.6) · 103 (44.7 ± 0.8) · 103
Threonine (500 mM) (3.3 ± 0.6) · 103 (3.2 ± 0.6) · 103
Cysteine (500 mM) (3.3 ± 0.9) · 103 2.8 · 103
3-Aminoalanine
(250 mM)
(2.5 ± 0.8) · 103 ND
Alanine (500 mM) 0.4 · 103 0.28 · 103
Homoserin (500 mM) (0.3 ± 0.2) · 103 ND
Serine (1 mM) (0.2 ± 0.1) · 103 ND
ND, not determined.
aAll activities were measured as rate of AMP formation by aminoacyl-
adenylate synthesis assay using Sc-SerRS.
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could follow only adenylate (but not aminoacyl-adenylate) for-
mation in solution. Only threonyl-adenylate accumulated in
solution in the amount that exceeded the concentration of en-
zyme used. In the presence of all other substrates a small
amount of respective aminoacyl-adenylates (approx. 1 lM)
was observed (Fig. 3). This may originate from the
enzyme:aminoacyl-adenylate complex that is disrupted by the
quenching procedure. The presence of aminoacyl-adenylate
in the concentration lower than the enzyme, suggests that
enzymatic hydrolysis of aminoacyl-adenylate occurs signiﬁ-B
S
A
Thr-α-[32P]-AMP
α-[32P]-AMP
α-[32P]-ATP
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*
Fig. 3. Thin-layer chromatograms of a reaction time course showing separat
in a typical aminoacyl-adenylate synthesis reaction containing threonine (A) o
seryl-[32P]-adenylate are produced by an aminoacylation reaction containingcantly faster than its dissociation. Additionally, if SerRS
would edit through the enhanced dissociation of the non-cog-
nate aminoacyl-adenylates, the rate of their non-enzymatic
hydrolysis should be higher than commonly observed ([5,12],
Table 3) to account for order or two faster adenylate-produc-
tion rate. Therefore, we assume that the rate of [32P]-adenylate
formation mainly represents SerRS-based hydrolytic activity
(Table 2).
Among tested substances, SerHX is most eﬃciently edited
(Fig. 2A inset). Observed catalytic constant (0.04 s1) is the
same as tRNA-independent pre-transfer editing rate of tyro-
sine by PheRS [19]. SerHX is an analogue of serine that does
not occur naturally in cell and therefore the failure of SerRS
to adequately discriminate against SerHX should not be an is-
sue in vivo. However, eﬃcient editing of SerHX is observed by
Sc-SerRS contrasting the fate of some other amino acid ana-
logues and unnatural amino acids that are eﬃciently activated
but not edited [19,20]. Modest editing was observed with cys-
teine, threonine and 3-aminoalanine. Obtained catalytic con-
stants (0.003 s1) are three times higher than pre-transfer
editing rate of alanine by ProRS [12] suggesting their biologi-
cal relevance. Interestingly, substitution of carboxylate by lar-
ger hydroxamate group on serine molecule inﬂuenced editing
more eﬃciently than any perturbation of functional groups
on the side chain. To see if this is a peculiar feature of Sc-
SerRS editing we investigated amino acid-dependent adenylateerHX-α-[32P]-AMP
α-[32P]-AMP 
α-[32P]-ATP 
 0         4       15      25      35 min 
ion of aminoacyl-[32P]-adenylate and [32P]-adenylate from a-[32P]-ATP
r SerHX (B). * Represents a control reaction where [32P]-adenylate and
Sc-SerRS, serine, a-[32P]-ATP and tRNASer.
Table 3
Observed catalytic constants for threonine editing by Sc-SerRS
kobs (s
1)
AMP formation (3.3 ± 0.6) · 103
Thr-AMP formation (0.8 ± 0.3) · 103
Non-enzymatic Thr-AMP hydrolysis (0.2 ± 0.07) · 103
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SerRS did not show signiﬁcantly better editing of SerHX com-
pared to threonine (kobs for SerHX and threonine were
(5.0 ± 0.9) · 103 s1 and (2.5 ± 0.6) · 103 s1, respectively).
Addition of Sc-tRNASer in vitro transcript did not inﬂuence
formation of adenylate (Table 2). Obviously, the presence of
tRNA does not stimulate pre-transfer editing activity by yeast
enzyme. Additionally, it suggests that Sc-SerRS does not em-
ploy post-transfer editing step.
3.3. Dissociation of threonyl-adenylate contributes to the editing
of threonine
If aminoacyl-adenylate accumulates during editing turn-
overs the rate of its formation can be obtained using a-[32P]-
ATP instead of c-[32P]-ATP that is commonly used in editing
assay. However, since aminoacyl-adenylate is unstable in solu-
tion, adenylate formation also occurs. Thus, to determine
whether observed adenylate originates only from the dissoci-
ated aminoacyl-adenylate (kinetic proofreading) or also from
the hydrolytic editing, the rate of aminoacyl-adenylate non-
enzymatic hydrolysis in solution should be determined. Both
of these mechanisms (hydrolytic editing and kinetic proofread-
ing) may contribute to the overall proofreading and evaluation
of their contribution yields to a better understanding of editing
mechanisms.
Accumulation of threonyl-adenylate in solution indicates
that threonine is edited through diﬀerent mechanism than
other amino acids used (Fig. 3). Obviously, dissociation of in-
tact threonyl-adenylate from the enzyme active site contributes
to the overall editing of threonine by Sc-SerRS. To determine
whether SerRS also possesses hydrolytic activity toward threo-
nyl-adenylate, the rate of non-enzymatic hydrolysis of threo-
nyl-adenylate in solution was measured by cold trapping
assay [5]. Threonyl-[32P]-adenylate was accumulated in solu-
tion by SerRS-catalyzed reaction during several turnovers
using a-[32P]-ATP and threonine. The labeled reaction was
quenched by the addition of high molar excess of unlabeled
ATP and threonyl-[32P]-adenylate decay in solution was mon-
itored. Obtained catalytic constant for non-enzymatic hydroly-
sis is 17 times lower than adenylate formation constant (Table
3). This strongly suggests that observed adenylate mainly orig-
inates from Sc-SerRS-based threonyl-adenylate hydrolysis and
not from its non-enzymatic hydrolysis in solution.4. Discussion
Post-transfer editing was demonstrated for several class II
tRNA synthetases: ThrRS [9], AlaRS [21], ProRS [20] and
PheRS [22]. Both ProRS and PheRS employ tRNA-indepen-
dent pre-transfer editing as well [20,19]. Here, we show for
the ﬁrst time that SerRS possesses tRNA-independent hydro-
lytic activity toward non-cognate aminoacyl-adenylates, i.e.
pre-transfer editing (Fig. 2 and Table 2).Previous work (mainly on class I aaRSs) led to a general be-
lief that pre-transfer editing occurs at the same editing domain
as the post-transfer one. This supposition required postulating
a complex mechanism, including tRNA-dependent transloca-
tion of the non-cognate aminoacyl-adenylate from the syn-
thetic to the 30 A˚ distant editing site [10,11]. By that model,
proposed for class I tRNA synthetases, pre-transfer editing is
initiated with a ‘‘priming post-transfer editing step’’ that in-
duces a novel enzyme conformation presumptively eﬃcient in
shuttling and hydrolysis of non-cognate aminoacyl-adenylate.
However, the proposed model was questioned for several rea-
sons: (i) there is no evident pathway that supports transloca-
tion of aminoacyl-adenylate to the editing site and there is
the lack of a suitable biological rationale for such a compli-
cated mechanism, since the non-cognate aminoacyl-adenylate
is not toxic to the cell [5] and (ii) there is the issue of the return
journey, i.e. after checking at the editing site, correct amino-
acyl-adenylate would have to come back to the exact starting
position for the transfer to tRNA to occur [23]. Additionally,
the model could not explain the mechanism of tRNA-indepen-
dent pre-transfer editing. Pre-transfer editing of class II tRNA
synthetases has been much less studied than in class I. How-
ever, it was recently demonstrated that pre-transfer editing of
class II ProRS occurs through the selective release of non-cog-
nate aminoacyl-adenylates from the synthetic site [12].
tRNA-independent pre-transfer editing was demonstrated
for several class I and class II tRNA synthetases: ValRS from
yellow lupin seeds [24], LeuRS from Aquifex aeolicus and yeast
[25,26], PheRS [19] and ProRS from E. coli [20]. However, all
of these enzymes possess editing domain where hydrolysis of
misacylated tRNA occurs. Here, we present the ﬁrst example
of an aminoacyl-tRNA synthetase that naturally lacks editing
domain but employs pre-transfer editing to clear non-cognate
substrates. Crystal structures of E. coli and Thermus thermo-
philus SerRS [13,27] revealed that the enzyme consists of two
domains: helical coiled-coil tRNA-binding domain and globu-
lar catalytic domain. Modeling and mutagenic studies showed
high agreement in overall structure between yeast enzyme and
Tt-SerRS [14]. Thus, in the absence of an editing domain the
observed hydrolytic activity of Sc-SerRS presumably happens
within the active site.
Our data demonstrate that hydrolysis of non-cognate ami-
noacyl-adenylate can occur within the synthetic site of class
II tRNA synthetases. In agreement, our previous work on
GlnRS shows that editing-like reactions can take place within
the synthetic site of class I synthetases too [5]. Thus, we pro-
pose that tRNA-independent pre-transfer editing in both clas-
ses may proceed by hydrolysis in the conﬁnes of the active site.
Our data open the door to the revision of previously proposed
pre-transfer editing mechanism [10,11]. Further experiments
are aimed to address whether tRNA-dependent pre-transfer
editing proceeds by a similar route without shuttling of non-
cognate aminoacyl-adenylate to the remote editing site.
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